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INTRODUCTION

Peter Medawar, who was awarded the 1960 Nobel Prize for
Medicine and Physiology, defined a virus as a piece of nucleic
acid surrounded by bad news (66). While this is certainly true
of many human viruses, adenovirus (Ad) has also contributed
significantly to the benefit of mankind. Ad represent a large
family of nonenveloped viruses containing a double-stranded
DNA genome of approximately 36 kb (43, 72). Human Ad, of
which there are 50 different viral serotypes, are associated with
respiratory, ocular, and gastrointestinal diseases. Ad infections
are usually self-limiting; however, they can cause fatal dissem-
inated disease in immunocompromised individuals (41, 58, 61,
62, 86). Despite its association with human diseases, Ad has
also served as a valuable tool that has been used to uncover a
number of important molecular and cell biological processes
such as RNA processing (7, 15) and cell cycle regulation (14,
105).

An accumulation of information on the structure, molecular,
and cell biology of Ad over the past several decades has also
allowed the development of Ad vectors for in vivo gene ther-
apy (10, 23, 53, 106). Multiple phase I or phase II clinical trials
involving replication-defective forms of Ad to treat acquired
and inherited diseases are underway. Some of the most en-
couraging uses of Ad vectors are those based on “conditional”
replicating viruses for treating head and neck tumors (8).
While several problems of using Ad vectors for in vivo gene
therapy remain to be overcome, Ad vectors have already
proven useful for studying the structure and function of various
gene products in vitro (98).

Ad also offers several advantages for studying direct inter-
actions of the virus with host cell receptors. Ad particles are
stable and can be produced at high titers in human epithelial
cell lines. In addition, several of the important coat proteins of
the virus can be produced as soluble recombinant proteins in

bacterial or insect cell expression systems, thus allowing anal-
ysis of their functional properties independent of the intact
virion. Ad capsids are approximately 900 Å in diameter and
have icosahedral symmetry. The virion contains 240 copies of
the major coat protein, known as the hexon. Each of the 12
vertices of Ad also contains a complex, known as the penton,
which is composed of the 320-kDa penton base and the 182-
kDa fiber protein (88, 90). The Ad fiber protein mediates
attachment to cells via interaction with a 46-kDa cell receptor
designated CAR (coxsackievirus and Ad receptor) (5, 95) (Fig.
1). The penton base is composed of five identical polypeptide
subunits, while the fiber contains three identical proteins. CAR
serves as the receptor for many but not all Ad serotypes (47,
76). At present, all Ad serotypes except those belonging to
subgroup B recognize CAR. The normal cellular function of
CAR, a member of the immunoglobulin superfamily, has not
yet been elucidated. The cytoplasmic domain of CAR is not
required for virus attachment or infection (100), suggesting
that cell signaling through this receptor is not involved in viral
entry.

Efficient internalization of Ad into cells requires a second
interaction with a separate cell receptor. The Ad penton base
protein binds to integrins avb3 and avb5, and this promotes
virus internalization (3, 104). In studies performed over 40
years ago (30, 71), the penton base was described as a virus-
associated toxic factor which caused cells to detach from their
substratum (the extracellular matrix) in culture. It is now
known that the penton base is not toxic but instead has the
capacity to interfere with integrin interactions with the extra-
cellular matrix, thereby promoting cell detachment in vitro.
Integrins are relatively large heterodimeric transmembrane
proteins composed of an a subunit and a b subunit (50). There
are over 20 different members of the integrin family, many of
which recognize an arginine, glycine, aspartic acid (RGD) se-
quence in host extracellular matrix proteins such as vitronectin,
fibronectin, and tenacin. Interactions of integrins with these
host cell ligands serve a number of important host cell func-
tions including cell attachment, migration, growth, and differ-
entiation. These functions are also reflected in the role of
integrins in several homeostatic processes including wound
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healing, osteogenesis, tumor metastasis, and perhaps certain
neuronal functions (40, 50).

Although Ad is the first virus that was shown to use distinct
cellular receptors for attachment (CAR) and internalization
(av integrins), more recent studies have demonstrated that
several enveloped viruses including human immunodeficiency
virus type 1 (32), herpes simplex virus type 1 (35), and adeno-
associated virus (AAV) (92) use separate cell receptors for
attachment and entry. Of these, only AAV and Ad appear to
use av integrins for entry. Other members of the integrin fam-
ily also promote the entry of different viruses (see “Other viral
pathogens that use integrins for infection” below), as well as
certain bacteria.

IN VITRO AND IN VIVO EVIDENCE THAT aV
INTEGRINS PROMOTE ADENOVIRUS CELL ENTRY

Several lines of evidence indicate that interactions of Ad
with integrins promote virus internalization rather than attach-
ment. Function-blocking antibodies directed against av inte-
grins or RGD-synthetic peptides inhibit virus endocytosis and
infection but do not interfere with Ad attachment (104). Re-
combinant Ad fiber but not the penton base competes for
attachment sites of viral particles (104). Moreover, the Ad2
fiber protein has an approximately 50-fold-higher binding af-
finity for CAR than the penton base has for av integrins. Taken
together, these earlier studies indicated that the fiber protein
interaction with CAR facilitates virus attachment while the
integrin binding to the penton base enhances virus uptake into

cells. At present, it is not clear why CAR fails to promote virus
internalization. The role of CAR in normal host cell functions,
if any, also has not yet been established, and further knowledge
of this may shed light on its role in virus infection.

Another indication of the important role of interactions of
av integrin with Ad is that the penton base proteins of multiple
Ad serotypes from different virus subgroups contain a con-
served RGD motif (60). Different Ads also use integrins for
infection and/or bind to these receptors (59). Preincubation of
virus particles with soluble recombinant avb5 integrin also in-
hibits Ad internalization and virus-mediated gene delivery in
vitro (59).

One interesting feature of the Ad penton base is that the
number of amino acid residues flanking the RGD motif varies
among the different Ad serotypes. For example, sequence
alignments have revealed that the Ad12 penton base contains
approximately 20 residues (87) while that of Ad2/Ad5 has
approximately 80 residues (64) (Fig. 2). An obvious question
arising from these findings is whether variations in the RGD-
flanking sequences influence integrin binding to the penton
base. Studies such as those with phage display libraries (42)
may be helpful for the identification of the precise amino acid
residues in the penton base that influence Ad-av integrin in-
teractions. Ad12 virions are reported to be more susceptible to
inhibition by anti-integrin antibodies than are Ad2 virions (3),
suggesting that Ad12 has lower intrinsic binding to av-integrins
than does Ad2. This is supported by recent binding studies with
soluble recombinant integrin avb5 (59). Our structural studies

FIG. 1. Schematic illustration of the interaction of Ad2 with different cellular receptors involved in infection. High-affinity virus attachment is mediated by the
interaction of the fiber capsid protein (white) with a 46-kDa receptor known as CAR. A second interaction of the penton base capsid protein (red) with av integrins
promotes virus internalization.
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also showed that soluble integrin avb5 bound to Ad12 penton
base has restricted mobility compared to integrins bound to the
Ad2 penton base, which display a high degree of flexibility
(14a). The flexibility of the RGD loop in fibronectin, an extra-
cellular matrix protein, has also been postulated to play a role
in integrin binding (2, 18).

Although Ad from most subgroups use av integrins for in-
fection, it is interesting that the penton base of Ad from sub-
group F, serotypes 40/41, lacks the conserved RGD motif (25).
These enteric Ad which are quite difficult to propagate in vitro,
may not interact with integrins. It will be of interest to deter-
mine whether they use an alternative cell entry pathway.

Given the conservation of the RGD integrin-binding motif
among many different Ad serotypes, one might predict that
introduction of a mutation in this sequence might negatively
affect virus internalization and/or infection. In keeping with
this prediction, a mutant Ad2 lacking the penton base RGD
sequence was shown to have decreased infectivity in vitro (4).
Interestingly, infection by the RGD mutant Ad was delayed
but not completely abolished. These findings raise the possi-
bility that virus infection can still occur in the absence of an
integrin-penton base interaction. A likely scenario is that the
fiber-CAR interaction is sufficient to allow virus entry, albeit at
a significantly reduced internalization rate. An RGD mutant
Ad bound to the surface of host cells via the CAR-fiber inter-
action but with a decreased capacity for internalization may be
particularly vulnerable to attack in vivo by various components
of the innate host defense system including proteolytic en-
zymes and complement (17). It remains to be determined
whether the infectivity of such a mutant virus is significantly
decreased in vivo.

The role of av integrins in Ad infection and virus-mediated
gene delivery has also been revealed in a number of other
studies. Hematopoietic cells are notoriously difficult to infect
with Ad2/Ad5. A major block in infection appears to be the
relatively low abundance or absence of av integrins on normal
peripheral blood mononuclear cells. Upregulation of av inte-

grin expression on human monocytes by specific growth factors
such as macrophage colony-stimulating factor or granulocyte-
macrophage colony-stimulating factor (27) render these cells
susceptible to Ad-mediated gene delivery (45). An interesting
feature of Ad infection of monocytic cells is that these cells
also express relatively low levels of CAR. Virus attachment to
monocytes is mediated by the penton base interaction with
integrin amb2, while particle uptake is dependent upon inter-
actions with av integrins (46). Integrin expression is also up-
regulated on human B lymphocytes following their infection
and immortalization with Epstein-Barr virus, and this greatly
increases their susceptibility to Ad-mediated gene delivery
(48). Recently, multiple myeloma cells, but not normal bone
marrow-derived B cells, were found to express av integrins, and
this allowed targeting by a therapeutic Ad vector (94).

Several approaches have also been explored in an effort to
overcome the lack of cell integrins and/or CAR on certain cell
types to promote Ad infection. For example, Wickham et al.
(103) modified Ad2 particles with a bispecific monoclonal
antibody which recognized a synthetic peptide sequence in-
corporated into the RGD domain of the penton base and a
T-lymphocyte-specific antigen, CD3. This modified virus sig-
nificantly increased transduction of T lymphocytes in vitro. A
potential problem with this approach is that the Fc region of
cell-targeting antibodies may also direct the virus to Fc recep-
tor-bearing cells including dendritic cells, macrophages, and B
cells in vivo. High-efficiency gene transfer with Ad-polylysine-
DNA complexes has also been reported (22).

As noted above, Ad vectors are currently under evaluation
as gene delivery vehicles for treating a number of genetic
diseases including cystic fibrosis. In addition to the inflamma-
tory reactions to the viral vector, another hindrance to gene
delivery appears to be the lack of integrin expression on the
human airway epithelium (36). Using a human bronchial xeno-
graft model, Goldman and Wilson demonstrated that undif-
ferentiated epithelial cells express high levels of avb5 integrins
and are easily infected with recombinant Ad (36). Ad-medi-

FIG. 2. An alignment of penton base sequences from different Ad serotypes. Identical amino acid residues, located primarily at the N and C termini of the proteins,
are indicated by vertical lines. Gaps indicated by dotted lines were used to maximize the alignment. Note the conserved RGD sequence indicated in boldface type with
asterisks. The Ad12 sequence was obtained from reference 87.
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ated gene delivery could also be inhibited by function-blocking
antibodies to av integrins or by RGD peptides. In contrast to
undifferentiated epithelial cells, pseudostratified epithelium
containing columnar cells expresses little or no av integrin and
is relatively difficult to infect with Ad. More recent in vitro
studies have indicated that integrins are expressed on the ba-
solateral surface of poorly differentiated columnar epithelial
cells but are present at very low levels or absent on the apical
surface of these cells (73). The authors of this study failed to
demonstrate a role for av integrins in Ad-mediated gene de-
livery. Integrins may not be available for Ad interactions unless
the regions of cell-cell contact (tight junctions) are disrupted to
expose their basolateral surface.

Ad-mediated gene delivery is influenced not only by av in-
tegrin expression but also by the presence of the fiber receptor,
CAR. For example, a recent study of Ad gene delivery to a
panel of human glioma cell lines indicated that Ad infection
was dependent upon the level of CAR expression rather than
on the presence of av integrins (63). CAR expression also
influences Ad-mediated gene delivery in the airway epithelium
(107). To circumvent the lack of CAR on certain cell types,
Dmitriev et al. (28) used a recombinant Ad vector in which an
RGD sequence was inserted into an exposed loop on the fiber
knob domain. This modified virus showed enhanced gene de-
livery to a number of transformed cell lines that lacked CAR
but expressed av integrins. It will be of interest to determine
whether this approach will be useful for improving Ad in vivo
gene therapy.

ROLE OF DYNAMIN, ACTIN, AND CELL SIGNALING
IN ADENOVIRUS ENTRY

Some of the earliest studies of Ad cell entry involved trans-
mission electron microscopy. These early studies suggested
that Ad is internalized into host cell by clathrin-mediated en-
docytosis (12, 70). Biochemical studies have subsequently sup-
ported this finding (39, 96). A genetic approach was used to
determine whether the infectious pathway of Ad involves dy-
namin, a 100-kDa cytosolic GTPase which regulates clathrin-
mediated endocytosis (24). HeLa cells expressing a dominant
negative form of dynamin 1 (K44A) failed to support efficient
Ad internalization or gene delivery (73, 99). These findings are
consistent with the notion that the primary entry pathway of
Ad is via the clathrin-coated pit pathway. It should be noted
that expression of mutant dynamin does not completely abolish
virus entry or infection. This suggests the possibility that Ad
entry also occurs via a clathrin-independent endocytic pathway
(55), perhaps mediated by the fiber interaction with CAR.

A major question arising from studies of Ad entry is whether
av integrins promote virus entry via specific cell signaling
events. A growing body of evidence indicates that integrin-
mediated signaling regulates cell adhesion, cell growth, and
cell migration (50, 69). Integrin clustering following ligand
binding is frequently associated with the reorganization of ac-
tin and actin-associated proteins into focal adhesions which
also contain a number of signaling molecules such as protein
and lipid kinases that associate with the integrin b-subunit
cytoplasmic domain (16, 68). It has also been demonstrated
that the actin cytoskeleton and integrin signaling play a role in
the cell entry of a number of pathogenic bacteria (29). Earlier
studies indicated that disruption of cortical actin filaments by
cytochalasins blocked Ad entry and infection (70). More re-
cently, the actin cytoskeleton has been reported to play a role
in clathrin-mediated endocytosis of enveloped viruses (37) as
well as nonviral ligands (54).

A number of signaling molecules associate with integrins

upon receptor ligation by various components of the extracel-
lular matrix including the ERK1/ERK2 mitogen-activated pro-
tein (MAP) kinases (13, 80). These signaling molecules have
been reported to be involved in av integrin-mediated cell mo-
tility (52). Interestingly, the ERK1/ER2 MAP kinases appear
to play little if any role in av integrin-mediated Ad endocytosis.
Instead, Ad internalization was shown to be regulated by a
lipid kinase, phosphatidylinositol-3-OH kinase (PI3K) (57).
The phospholipid products of PI3K are thought to act as sec-
ond messengers for a number of important biological processes
including cell cycle progression (33) and reorganization of the
actin cytoskeleton (101). Ad penton base interaction with av

integrins was specifically shown to activate the p85 subunit of
PI3K, and activation was shown to be required for efficient
virus internalization and infection (57). Pharmacologic inhibi-
tors or expression of dominant negative forms of PI3K but not
ERK1/ER2 MAP kinases also inhibited Ad internalization and
infection. Thus, cell motility and virus internalization mediated
by the same integrin appear to involve distinct signaling path-
ways (Fig. 3). In further support of this concept, focal adhesion
kinase, p125FAK, a signaling molecule known to function up-
stream of the ERK1/ER2 MAP kinases, is phosphorylated and
activated upon adenovirus entry (57a) but this kinase is not
required for virus uptake into cells or infection. Activation of
the MAP kinase pathway, although not required for virus en-
try, may have other consequences for the host including the
production of inflammatory cytokines (11).

An obvious question arising from these studies is that of how
PI3K promotes virus uptake. PI3K is known to be linked to
both the Ras and Rho signaling cascades (16, 44). These small
GTPases, which cycle between an inactive GDP-bound form
and an active GTP-bound form, have the capacity to alter the
host cell actin cytoskeleton (65). Recently, we demonstrated
that the Rho family GTPases, Rac1, CDC42, and RhoA, rather
than Ras, promote Ad endocytosis (56). Further studies indi-
cated that the mechanism by which Rho GTPases enhance
virus uptake is via reorganization of the actin cytoskeleton.
Thus, Ad uptake into cells was inhibited by treatment with
cytochalasin D and also by the expression of effector domain
mutants of Rac or CDC42 that impair cytoskeletal function but
not JNK/MAP kinase pathway activation. Further studies are
necessary to identify the downstream effectors of Rho GT-
Pases that promote actin polymerization and virus uptake. The
precise role of the actin cytoskeleton in viral endocytosis also
remains to be determined. At least two possible roles for actin
have been considered. Polymerized actin filaments may assist
dynamin-mediated endosome formation (78) or perhaps in-
crease the half-life of signaling complexes involved in endo-
cytosis.

Studies of Ad cell entry have led to another important ques-
tion: what is the relevance of the Ad signaling pathway to the
normal function of the av integrins? In this regard, avb5 inte-
grin has been reported to mediate the internalization of a
conformationally altered form of vitronectin, the natural host
ligand for this integrin receptor (67). A region of the b5 inte-
grin subunit cytoplasmic tail containing the NPXY internaliza-
tion motif has recently been implicated in the association of
the integrin with clathrin-coated portions of the cell membrane
(26). However, it is not yet clear whether the molecular events
required for the internalization of the monovalent host ligand
(vitronectin) by integrins are precisely the same as those re-
quired for the internalization of the multivalent viral ligand
(penton base).
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ROLE OF aV INTEGRINS IN ADENOVIRUS-MEDIATED
ENDOSOME DISRUPTION AND GENE DELIVERY

Integrin-mediated internalization of prebound Ad particles
occurs relatively rapidly (5 min) at 37°C (39, 104). Once fully
enclosed in cell endosomes, Ad particles disrupt the endoso-
mal membrane and escape into the cytoplasm, where they
begin their journey toward the cell nucleus. Since vesicle rup-
ture occurs relatively rapidly, within 15 min at 37°C (39), it is
likely that escape occurs from the early endosome prior to
endosome fusion with lysosomal vacuoles. At present, there is
relatively little information on the precise mechanisms in-
volved in virus penetration of cell endosomes. Several studies,
based on the used of lysosomatropic agents which affect vacu-
lor pH, suggest that virus penetration requires exposure to
mildly acidic pH conditions (39). However, other studies have
questioned the validity of these findings (75). Further studies
on this problem are needed to resolve this controversy.

The ability of Ad to efficiently escape lysosomal degradation
has been exploited for gene delivery applications. Intact Ad
particles (19, 22) or components of the virus capsid that me-
diate virus penetration have been conjugated to plasmid DNA
to deliver genes to cells in vitro (31). Ad particles mediate the
release of small molecules such as [3H]choline from cells at a
pH optimum of 6.0 (83, 85, 102) and induce the formation of
ion channels in model bilayer lipid membranes (9, 79).

Over the past several decades, there has been an accumula-
tion of evidence suggesting that the Ad penton base interaction
with integrins plays a central role in Ad escape from the cell
endosome. Earlier studies showed that the penton base played
the major role in Ad-mediated delivery of a endotoxin-growth
factor conjugate to cells (82), while more recent studies have
reported that the isolated penton base from Ad3 can be used
to deliver DNA into cells (31). At reduced pH, the penton base
protein shows a high propensity to bind nonionic detergent
(84). This raises the possibility that exposure to low pH induces
a conformational change in the penton base protein which
allows a physical interaction (insertion) with the endosomal
membrane. Consistent with this view, previous studies showed
that the penton base protein is released from viral particles at
the stage of endosome release (39). In previous studies, we

demonstrated that integrin avb5 rather than avb3 interaction
with the Ad2 penton base selectively mediates Ad membrane
permeabilization and gene delivery (102). The selective in-
volvement of avb5 integrin in membrane permeabilization ap-
pears to be due to the ability of this receptor to bind to the
virus protein at reduced pH compared to integrin avb3. It
should be noted that avb5 interaction with the isolated Ad2
penton base alone does not induce membrane permeabiliza-
tion (102), and thus it is likely that other viral and/or host cell
factors participate in this process.

Recent work has indicated that the 23-kDa Ad cysteine
protease also participates in virus penetration (20). A temper-
ature-sensitive mutant Ad which contains a defective protease
fails to escape cell endosomes (38). Treatment of wild-type Ad
particles with protease inhibitors blocks infection as well as
Ad-mediated gene delivery (20). Interestingly, interaction of
the Ad with av integrins was shown to be required for protease
activation and escape from the cell endosome (38). Ad protein
VI, a capsid protein located under the vertex region of the
virus particle (90), is also degraded following protease activa-
tion, suggesting that protease activation may also be involved
in viral DNA uncoating as well as penetration. Clearly, further
studies are needed to define the precise molecular and cellular
events associated with Ad penetration.

STRUCTURE OF A FUNCTION-BLOCKING
MONOCLONAL ANTIBODY COMPLEXED WITH

ADENOVIRUS

To gain further insights into the role of av integrin-mediated
Ad entry, structural studies have been performed to identify
the sites of integrin interaction on virus particles. In the ear-
liest studies, the three-dimensional structure of Ad2 particles
at 35 Å resolution was revealed by cryo-electron microscopy
(cryo-EM) and image reconstruction (88). Further refinements
which improved the resolution to 25 Å (90) allowed the visu-
alization of five protrusions, approximately 22 Å in diameter,
on each penton base protein. These protrusions were proposed
to contain the RGD sequence and additional flanking residues
corresponding to the site of integrin binding. To confirm this
possibility, we examined the structure of Ad2 complexed with

FIG. 3. Schematic diagram of the signaling events involved in Ad internalization and cell migration. The signaling molecules not selectively involved in av
integrin-mediated cell migration are shown in the boxed region on the left.
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Fab fragments of function-blocking penton base monoclonal
antibody (designated Dav-1) (89). Peptide-mapping studies
showed that the DAV-1 mAb recognized a linear epitope of 9
amino acids containing the integrin-binding motif, IRGDT-
FATR. This antibody also blocked penton base binding to
cells. Somewhat surprisingly, Fab fragments of DAV-1 but not
intact antibody molecules inhibited Ad infection, suggesting
that Fab fragments but not whole antibodies were able to fully
occupy each of the five RGD sites on the penton base protein.
To investigate this possibility further, we used an automated
biosensor to measure the kinetics and stoichiometry of anti-
body-Ad2 penton base interactions. We found that only two or
three molecules of the intact DAV-1 monoclonal antibody
could bind to the penton base protein whereas five Fab frag-
ments could bind.

A cryo-EM structural study of the Ad2/DAV-1 Fab complex
confirmed that the protrusions on the penton base contain the

integrin-binding RGD sequence (89). It also revealed that the
bound Fab fragments undergo a large range of motion since a
large volume of weak, diffuse density was observed for the Fab
(Fig. 4). Examination of the penton base in a reconstruction of
Ad2 without bound antibody molecules showed a region of
weak density at the top of the penton base protrusions, pro-
viding further evidence that the RGD peptide loop is quite
mobile (Fig. 5). Cryo-EM studies performed with the isolated
penton base of Ad3 also suggested that the RGD protrusions
are flexible (81). Interestingly, the position of the protrusions
was observed to shift slightly in the presence or absence of the
central fiber protein. This latter observation was also shown for
Ad2 when comparing the structures of wild-type and fiberless
particles (97). This structural change does not significantly
affect integrin-binding function, since Ad particles lacking the
fiber protein appear to retain the ability to infect monocytic
cells via an integrin-dependent pathway (97).

FIG. 4. Cryo-EM reconstruction of the vertex region of the Ad2/DAV-1 Fab fragment. The viral capsid proteins are displayed in the same color scheme as in Fig.
5 and with the hexons in blue. (A) The reconstructed Fab density (magenta) is weak and diffuse. (B) A model showing the cryo-EM Ad2 vertex density together with
five crystallographic Fab fragments filtered to 19-Å resolution (magenta). Each Fab fragment is shown in a different orientation to suggest mobility. The wire mesh
corresponds to the total model density obtained from Fab fragments in eight distinct orientations. The scale bar is 100 Å. Reprinted from reference 89 with permission
of the publisher.

FIG. 5. Ad2 penton base (yellow and red) and fiber (green) from a cryo-EM reconstruction of the intact virus particle. Each of the five penton base protrusions
has a region of weak density (red) at the top corresponding to the mobile RGD loop. Note that during the Ad reconstruction process, icosahedral (60-fold) symmetry
was imposed. Regions of the virus that do not follow perfect icosahedral symmetry, such as the flexible fiber, are not fully reconstructed. The actual length of the fiber
protein is approximately six times longer than is shown here. (A) Top view. (B) Side view. Bar, 25 Å. Reprinted from reference 89 with permission of the publisher.
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STRUCTURE OF INTEGRIN aVb5 BOUND TO
ADENOVIRUS

In recent cryo-EM structural studies, we examined the com-
plex of Ad with soluble avb5 integrin molecules (59). Given the
high degree of mobility of the RGD surface loop in Ad2, we
also examined the structure of another serotype, Ad12, which
has a much smaller RGD loop and therefore is more likely to
provide detailed structural information (Fig. 6). The cryo-EM
structures of Ad2 and Ad12 revealed a ring of integrin density
above the penton base RGD loops of each virus serotype
(14a). However, the integrin density in the Ad2 complex was
found to be weak and diffuse whereas that of the Ad12 com-
plex was compact and well defined, thus allowing a better
visualization of the integrin structure. Cryo-EM visualization
of Ad12 revealed five closely packed integrin molecules per
penton base, a finding supported by kinetic analyses. In con-
trast, kinetic analyses indicated that only 1.7 DAV-1 monoclo-
nal antibodies are capable of binding. Thus, the structure of Ad
facilitates the interaction with cell integrins while restricting
the binding of potentially neutralizing antibodies. Each inte-
grin molecule was shown to consist of two discrete subdomains,
a globular domain with an RGD-binding cleft of approximately

20 Å in diameter and a distal domain made up of extended,
flexible tails (Fig. 7).

These recent structural findings also suggest that the precise
spatial arrangement of five RGD protrusions on the penton
base promotes integrin-clustering and cell-signaling events re-
quired for virus internalization. Three lines of evidence sup-
port this concept. The first is that the Ad penton base protein,
but not a monomeric RGD peptide (50-mer) derived from the
penton base sequence, activates the p72syk kinase and pro-
motes B-lymphoblastoid cell adhesion (91). The second is that
the spacing of the integrin-binding sites on Ad is virtually
identical to that of an unrelated virus, foot-and-mouth disease
virus (FMDV) (1, 51) which also uses integrins for infection.
Finally, the cryo-EM structure of the Ad12-integrin complex
revealed substantial regions of contact between the integrin
extracellular domains.

OTHER VIRAL PATHOGENS THAT USE INTEGRINS
FOR INFECTION

At least two members of the Picornaviridae family of non-
enveloped viruses use integrins for infection. These include

FIG. 6. Cryo-EM reconstruction of the Ad12-avb5 complex. (A) Full virus-
receptor complex, viewed along an icosahedral threefold axis. The penton base
is shown in yellow, the fiber is shown in green, and the rest of the viral capsid is
shown in blue. The integrin density is shown in red. (B) Enlarged view of the
vertex region. The integrin appears to have two domains, a globular domain
bound to the penton base and an extended tail domain farther from the viral
surface. Bars, 100 Å. Reprinted from Chiu et al. (14a) with permission of the
publisher.

FIG. 7. The ring formed by five RGD-binding globular domains of integrin
from the Ad12-avb5 integrin cryo-EM reconstruction, shown color coded by
height from the viral surface. (A) Top view. Note that the bound integrin
heterodimers form a continuous ring with close associations between adjacent
globular domains. (B) Side view. Five columns of density (red) connect the
integrin globular domains to the more flexible tail domains (not shown). (C)
Bottom view. The arrows mark five clefts where the RGD-containing protrusions
of the penton base bind. Bar, 100 Å. Reprinted from Chiu et al. (14a) with
permission of the publisher.
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FMDV (51) and coxsackievirus A9 (49, 77). For both of these
viruses, the role of the integrin in infection appears to be at the
level of virus attachment. Integrin a2b1 is a receptor for echo-
virus 1 (6), and this promotes viral attachment. Two coat pro-
teins of rotavirus, a virus which is a major cause of acute
gastrointestinal disease of humans, are also reported to inter-
act with integrins a2b1, axb2, and a4b1, and this interaction
may be required to complete the infectious process (21).

More recently, several other human viruses have been iden-
tified as using integrins for infection. The newly emerged han-
taviruses, which are associated with severe pulmonary syn-
drome disease in humans, use b3-type integrins for cell entry
(34); however, the stage at which the integrin acts has not yet
been reported. AAV-2 has recently been reported to use avb5
integrin as a coreceptor for entry (92). Initial attachment of
AAV-2 to cells is mediated by interaction with heparin sulfate
proteoglycan (93) and/or fibroblast growth factor receptor 1
(74). Secondary interaction with integrin avb5 facilitates
AAV-2 entry. Interestingly, the AVV-2 interaction with avb5
integrin appears to be RGD independent, since synthetic RGD
peptides do not interfere with AAV-2–integrin interaction and
the AAV-2 coat protein lacks an RGD sequence. It will be of
interest to identify the non-RGD sequences involved in viral
interaction with this integrin.

CONCLUSIONS AND FUTURE DIRECTIONS

It is a remarkable feat that an organism as small as Ad has
provided such a wealth of knowledge of several important host
cell processes. In this review, we have discussed the earliest
interactions of Ad with its cellular receptors and focused on
the role of the virus internalization receptors, integrins avb3
and avb5. While evidence has accumulated that integrins pro-
mote Ad entry both in vitro and in vivo, the precise mechanism
by which virus uptake is accomplished is not completely un-
derstood. It is clear that Ad entry requires a signaling pathway
involving PI3K, the Rho family of small GTPases, and poly-
merization of actin filaments. However, the specific role for
these molecules in Ad entry remains to be determined. Even
less well understood is how integrin avb5 facilitates the escape
of viral particles from the cell endosome. Integrins are re-
quired but not sufficient for virus penetration, and therefore
other viral or cellular molecules must be involved in the pro-
cess. Other than the 23-kDa Ad cysteine protease, the identi-
ties of these molecules remain to be determined.

From a structural point of view, recent cryo-EM reconstruc-
tions of Ad particles in a complex with function-blocking an-
tibodies or soluble integrins have provided some clues to how
the architecture of Ad promotes receptor clustering while re-
stricting antibody binding.

The current state of knowledge of Ad structure and biology
has already led to significant improvements in first-generation
viral vectors for gene therapy. Specifically, modifications of the
virus fiber protein or the penton base have allowed an expan-
sion of vector tropism in vitro. We anticipate that with an even
greater understanding of the structural features of virus-recep-
tor interactions as well as the precise cellular events involved in
Ad entry and uncoating, it should be possible to increase the
specificity of vector targeting in vivo. This may allow a reduc-
tion in the amount of vector needed to achieve a therapeutic
response, thereby lessening the severity of the host immune
response. Further progress in the area of cellular and molec-
ular biology as well as virology and structural biology will have
to come together to result in success in this endeavor.
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